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bstract

ine (Pinus silvestris) wood with shaped sample dimensions of 20 mm × 20 mm × 5 mm (axial) was selected as the raw material. Samples were
ried and, for a half of the samples, resin extraction from the sample was applied. SiO2 sol was prepared, and samples were impregnated under
ifferent vacuum/pressure conditions. Relative impregnation efficiency was calculated for impregnated samples and varied from 95 up to 105%
f the theoretical value for different samples and impregnation conditions. Impregnation and drying procedures were repeated up to three times

o increase the SiO2 amount introduced in the sample. Impregnated samples were pyrolyzed at 500 ◦C under oxygen free atmosphere with the
ubsequent high temperature treatment at 1600 ◦C in an Ar atmosphere. Biomorphic SiC ceramics and its precursors were investigated using X-ray
iffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). An experimental result shows that
he optimized vacuum/pressure impregnation technique is highly effective for the introduction of SiO2 in the wood.
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. Introduction

Nowadays, nature is progressively becoming a model for
nnovation in structural design. Recently, a new class of struc-
ural materials, biomorphic ceramics, has attracted a lot of
ttention. These materials are prepared by the biotemplating
echnique, where natural grown structures are used as bulk
emplates for fast high-temperature conversion into ceramics.
ioorganic substances like wood are characterized by a strongly
nisotropic structure, where the basic units are elongated chan-
els, assembled parallel to the growth direction. The advantage
f wood as a structural material is the durability of the struc-
ure combined with a low bulk density. The introduction of Si in
he wood offers possibilities of obtaining porous SiC ceramics
uring high temperature treatment in an inert atmosphere.

Up to know, there are several technologies developed for

btaining porous SiC ceramic materials from wood precur-
ors, some of them being reactive Si vapor infiltration,1–6

nfiltration with Si containing vapors from decomposed metal
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rganic precursors,7 and reactive infiltration with Si-containing
elts.8–13 Impregnation with SiO2 nanoparticles containing

ol,14–17 with Na2O·nSiO2,18 with Si-containing polymer,19

ith metal organic precursors20–24 and with sol–gel derived
iO2 sol25 was performed via the following carbothermal reac-

ions. Comparing the previously mentioned methods, the sol–gel
mpregnation method with the following carbothermal reaction
as some advantages such as low cost, easy procedure and the
bility to retain the structure and morphology of the starting
arbonaceous precursor material. As a result of the reactions,
ingle-phase SiC ceramics with a relatively high porosity is
ommonly obtained.25

For obtaining of porous SiC ceramics, the optimized vac-
um/pressure SiO2 sol impregnation technique was developed
nd described in the present paper. In the previously published
apers, impregnation has been repeated up to 5 times with each
mpregnation process time up to 9 h to achieve the optimal C to
iO2 molar ratio ≈3 in the sample;26 after four impregnation
rocedures, only 45% of the Si(OH)4-gel weight gain necessary

or the complete reaction has been achieved.27 Unlike described
n previous studies15 that sol gradients and uneven infiltration
auses 50% difference between calculated and measured infiltra-
ion results in the wood state, IE up to 95% for non-extracted and

mailto:janis.locs@rtu.lv
dx.doi.org/10.1016/j.jeurceramsoc.2008.09.013
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05% for extracted pine wood samples have been achieved. The
se of the optimized process allows decreasing the number of
mpregnation cycles to three and shortening the total one impreg-
ation procedure time to about 40 min. For the impregnation
rocedure, pine tree (Pinus silvestris) samples were prepared
nd, for a half of them, resin extraction was performed. After
ach impregnation, gelling and drying of SiO2 gel were carried
ut, forming the SiO2 gel/wood composite. The impregnation
rocedure was repeated several times to increase the SiO2 con-
ent in the sample. Pyrolysis of the obtained samples was done
o convert the SiO2 gel/wood composite into a SiO2/CB (biocar-
on) composite. The following high temperature treatment in an
r atmosphere leads to the carbothermal SiO2 and CB reaction,

orming porous SiC ceramics with a tubular, pine wood specific
tructure. The microstructure, crystalline phase composition and
hemical functional groups of biomorphic SiC ceramics and
ts precursors were investigated using X-ray diffraction (XRD),
ourier transform infrared spectroscopy (FT-IR) and scanning
lectron microscopy (SEM).

. Experimental procedure

.1. Material preparation

Pine wood was shaped in dimensions of 20 mm × 20 mm ×
mm (axial) and dried at 105 ◦C for 24 h. To increase the pore
olume and the corresponding possible amount of the impreg-
ated Si precursor per cycle, resin extraction was applied for a
alf of the samples. Extraction was performed in a Soxlet extrac-
ion apparatus for 24 h; toluene/ethanol solution in the volume
atio 2:1 was used as the solvent. SiO2 sol was prepared using
EOS – tetraethyl orthosilicate (Aldrich, Ref.: 131903), distilled
ater, hydrochloric acid and ethanol at a suitable molar ratio to
btain the concentration of SiO2 sol equal to ≈15% by weight.

Wood samples were placed in a self-made impregnation ves-
el, evacuated for 5 min up to a 52 kPa vacuum, then showered
ith SiO2 sol and delayed for 5 min before the pressure increas-

ng in the vessel up to the atmospheric pressure. Then the
amples and SiO2 sol were moved to a custom-made hydraulic
sostatic press with the following pressure increase up to 30, 60,
25 MPa with a 5 min hold time. After high-pressure treatment,
he samples were drained and weighed to determine the SiO2
ol uptake and placed in a drying oven applying an increas-
ng temperature up to 105 ◦C with the hold time 24 h at the

aximum temperature. After each impregnation cycle, which
ncluded impregnation and drying, mass increase of the sam-
le was measured. Impregnation cycles were repeated three
imes to increase the SiO2 content in the sample. Pyrolysis
f the samples was performed in an oxygen-free atmosphere
t 500 ◦C with the rate 120 ◦C/h to form a SiO2/CB compos-
te. Further sample processing was performed in a modified
igh-temperature furnace in an Ar atmosphere for 1600 ◦C with
he rate 300 ◦C/h. The temperature in the furnace was raised

p to the desired temperature and hold for 4 h to conduct the
arbothermal reaction between SiO2 and CB, resulting in the for-
ation of �-SiC. Fig. 1 represents a flow diagram of the whole

rocess.

c
A
r

ig. 1. Flow diagram of manufacturing biomorphic SiC ceramics from pine
ood.

.2. Characterization

The pyrolytic behavior of pine tree wood, SiO2 gel and the
iO2 gel/wood composite was characterized using thermogravi-
etric analysis (TGA) and differential thermal analysis (DTA)

n a N2 atmosphere with the flow rate 20 ml/min (TGA) and
00 ml/min (DTA), with the heating rate 5 ◦C/min from room
emperature to 1000 ◦C. TGA and DTA were performed on a
GA/SDTA 841 (Mettler Toledo) thermal analyzer.

A Fourier transformation infrared spectrometer (Varian
cimitar 800) in the wave number range 4000–400 cm−1 was
sed for sample investigations in the transmission mode in a dry
ir atmosphere using the KBr pellet technology.

For crystalline phase identification, X-ray diffraction was
easured on a powder X-ray diffractometer (PANalytical X’Pert
ro), using Cu radiation produced at 40 kV and 30 mA, step size
f 0.017◦ (2θ), and a hold time of 20 s.

The morphological properties of the samples were investi-
ated using a scanning electron microscope (Tescan Mira/LMU)
t 20 kV acceleration voltage and 6–10 mm working distance.
or the observation sample fracture surface was used. 15 nm
old film was sputtered on the samples before the observation.

. Results and discussion

.1. Resin extraction, impregnation efficiency
During resin extraction, resins were removed from the resin
anals. The average weight loss of the samples was 2 mass%.
s an indicator of this is the Impregnation Efficiency (IE, %),

espectively, the volume share in percent from the total theoret-
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Table 1
Coefficient K values after three impregnation cycles with SiO2 sol.

Applied absolute pressure, MPa

30 60 125

Extracted pine wood 0.63 ± 0.04 0.58 ± 0.01 0.62 ± 0.03
Pine wood 0.61 ± 0.04 0.54 ± 0.02 0.61 ± 0.03
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appears in CB cell walls. After pyrolysis, geometrical density
for extracted and non-extracted samples was 0.83 g/cm3.

Mass changes during pyrolysis were investigated using TGA
and are shown in Fig. 4. Generally, wood starts to degrade ther-

Table 2
Dimension changes for the three times impregnated sample after pyrolysis at
500 ◦C.

Samples Change of dimensions (%)

Tangential Radial Axial
ig. 2. Relationship between IE and the applied absolute pressure for pine wood
nd extracted pine wood samples.

cal pore volume filled with SiO2 sol right after impregnation
see Fig. 2), calculated for the first impregnation cycle using Eq.
1).

E = ρs · ρw · msol

ρsol · ms(ρw − ρs)
· 100% (1)

here ρs: sample geometrical density (g/cm3); ρw: specific grav-
ty of a lignified cellulose cell wall, 1.53 g/cm3; msol: weight of
he impregnated SiO2 sol in the sample (g); ρsol: density of SiO2
ol (g/cm3); ms: weight of the sample before impregnation (g).

The sample geometrical density (ρs, g/cm3) before impreg-
ation was found to be 0.523 ± 0.011 g/cm3 for extracted and
.535 ± 0.014 g/cm3 for non-extracted samples. The specific
ravity of a lignified cellulose cell wall, 1.53 g/cm3, is prac-
ically constant for all timbers.28 The density of the prepared
iO2 sol was measured using the gravimetric method and was
.872 ± 0.002 g/cm3. The comparison of IE for pine wood and
xtracted pine wood applying different pressures is shown in
ig. 2. For pine wood, IE varies around 95%, while, for extracted
ine wood IE reaches 105%. So, the high IE results for the
xtracted pine wood can be explained by filling of the emptied
nd opened resin canals and a better SiO2 sol/cell wall wetting
bility. The extracted pine wood IE was calculated against the
heoretical free volume of the non-extracted pine wood.

.2. SiO2 content in the samples, pyrolysis and TGA/SDTA
nalysis

For complete conversion of the carbon present in wood to SiC
uring carbothermal reactions, a notable amount of SiO2 should
e introduced in the sample. The total SiO2 to CB mass ratio
hould be around 1.67. As there is a mass decrease for the SiO2
el and wood during pyrolysis, mass yield for both of them was
etermined. It was established that the char yield of wood dried
t 105 ◦C after pyrolysis at 500 ◦C (CB) was 23.5 wt.%, and that
f the SiO2 gel dried at 105 ◦C after the treatment at 1000 ◦C
Ygel) was 94 wt.%. Considering the above-mentioned, the dried
el mass mg (g) to ms ratio (coefficient K) was calculated using

q. (2). In our case, the theoretical value of K was equal to 0.41.

= mg

ms
= 1.67 · CB

Ygel
(2)

E
I
P

ig. 3. Relationship between the geometrical density of the SiO2 gel/pine wood
omposite and the number of impregnation cycles.

Table 1 shows calculated coefficient K values for the exper-
mental samples. There is no significant difference between
he extracted and non-extracted samples as well as between
he applied pressures. Lower K values at the applied pressure
0 MPa in both cases cannot be explained before extra inves-
igations. The overall results show that, in three cycles, it is
ossible to introduce the necessary SiO2 amount in the wood
or SiC synthesis.

The geometrical density of the samples as well as their mass
ncreases after each impregnation cycle. Fig. 3 shows that the
ensity of pine wood is 0.52 g/cm3 for extracted and 0.53 g/cm3

or non-extracted samples and rapidly increases as the number of
mpregnation cycles increases. After three impregnation cycles,
he geometrical density of both extracted and non-extracted sam-
les reached 0.83 g/cm3. During pyrolysis, not only the samples’
eight loss occurs, but also the geometrical dimensions decrease

s described in Table 2. The impregnated sample’s dimension
hanges in tangential, radial and axial directions are 6, 7 and 17%
ess than for the reference pine wood samples. It was observed
hat such SiO2 gel effect on the sample dimension changes dur-
ng pyrolysis does not lead to the formation of cracks in the
ell walls. It can be concluded that no reasonable internal stress
xtracted, impregnated pine wood 25.5 ± 2.1 18.9 ± 1.7 8.2 ± 1.6
mpregnated pine wood 25.6 ± 1.4 19.4 ± 0.9 8.5 ± 0.7
ine wood 31.2 ± 1.3 26.6 ± 1.3 15.2 ± 1.2
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ig. 4. TG curves of the SiO2 gel/pine wood composite and the reference pine
ood sample.

ally at about 250 ◦C. The SiO2 gel/wood composite begins
o degrade earlier at 220 ◦C owing to the residual ethyl groups
n the SiO2 gel. Between about 300–375 ◦C, the majority of
ood-containing polymers have degraded. At about 400 ◦C, the
yrolysis process is finished and, during further rising of temper-
ture, mainly the oxygen and hydrogen amount in CB decreases.
t 500 ◦C, mainly all mass changes have occurred, and only a

mall decrease in mass continues with increasing temperature.
DTA curves of the SiO2 gel/pine wood composite and the

eference pine wood sample are shown in Fig. 5. There are no
onsiderable differences between both curves, which indicate
hat the SiO2 gel does not lead to a significant influence on
hermal processes of pyrolysis.

.3. FT-IR analysis

Fig. 6 shows the FT-IR spectra of pine wood, SiO2 gel (dried
t 105 ◦C) and three times impregnated SiO2 gel/pine wood com-
osite. In the spectrum (Fig. 6a and c) of the pine wood and
iO2 gel/pine wood composite, the absorption bands at 3380
nd 1113 cm−1 are attributed to the O H stretch vibration and
he association band in cellulose and hemicellulose. Another
haracteristic absorption band of wood is located at 2928 cm−1
nd is ascribed to the C H stretch vibration. The C O stretch
ibrations absorption band in cellulose and hemicelluloses is at
055 cm−1, and this is the highest intensity band.29 In the spec-
rum (Fig. 6b) of the SiO2 gel, the absorption bands at 1090,

ig. 5. DTA curves of the SiO2 gel/pine wood composite and the reference pine
ood sample.

s
c
S
c
r

F
c

ig. 6. FT-IR spectra of pine wood (a), SiO2 gel (b) and SiO2 gel/pine wood
omposite (c).

00 and 460 cm−1 are ascribed to the asymmetric and symmet-
ic stretching vibrations of Si O Si and Si OH bonds.25 In
he SiO2 gel/pine wood composite FT-IR absorption spectrum
Fig. 6c), peaks characteristic for both pine wood and SiO2 gel
bsorption spectra appear, suggesting that no chemical reaction
etween the SiO2 gel and wood occurs during the impregnation
ycle.

Fig. 7 shows the FT-IR spectra of the SiO2/CB composite after
yrolysis (Fig. 7a) and the SiC ceramics obtained at 1600 ◦C in
n inert atmosphere for 4 h (Fig. 7b). In the SiO2/CB composite
pectrum, asymmetric and symmetric stretching vibrations of
i O Si bonds at 1090, 800 and 460 cm−1 and CB characteristic

C bond vibrations at 1600 cm−1 can be observed. In the FT-IR
pectrum of the products obtained at 1600 ◦C, the peaks assigned
o Si O and C C bonds become negligible, and nearly only the
eaks ascribed to the Si C fundamental stretching vibration at
25 cm−1 exist, suggesting that carbothermal reduction is nearly
ompleted.25

.4. XRD analysis

The XRD patterns of the SiO2 gel dried at 105 ◦C, pine wood
nd the SiO2 gel/pine wood composite dried at 105 ◦C are shown
n Fig. 8. It can be seen that two broad peaks centered at 2θ = 24◦
nd 44◦ in Fig. 8a suggest that the SiO2 gel is in an amorphous
tate. In Fig. 8b, the characteristic peak of cellulose crystals

◦ 30
entered at 2θ = 22 can be found. Characteristic peaks of both
iO2 gel and pine wood can be found in Fig. 8c. The cellulose
haracteristic peak centered at 2θ = 22◦ overlap the SiO2 gel
elevant peak centered at 2θ = 24◦, resulting in a peak centered

ig. 7. FT-IR spectra of the SiO2/CB composite after pyrolysis (a) and the SiC
eramics obtained at 1600 ◦C (b).
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ig. 8. XRD patterns of the SiO2 gel (a), pine wood (b) and SiO2 gel/pine wood
omposite (c).

t 2θ = 22.5◦. The peak characteristic for SiO2 gel at 2θ = 44◦
hown in Fig. 8c has a lower intensity than that shown in Fig. 8a.

The XRD patterns of the SiO2/CB composite obtained at
00 ◦C and the porous biomorphic SiC ceramics obtained at

◦
600 C are shown in Fig. 9. It can be suggested that the broad
eak centered at 2θ = 24◦ is formed by overlapping the CB char-
cteristic peak22 and the amorphous SiO2 characteristic peak,
oth located at around 2θ = 24◦. In the XRD pattern of the prod-

o
A
o
s

ig. 10. SEM micrographs of pine wood (a), pine wood CB template (LW, late wood
c) and SiO2/CB composite (d).
ig. 9. XRD patterns of the SiO2/CB composite (a) and the obtained porous
iomorphic SiC ceramics (b).

cts obtained at 1600 ◦C, peaks of major phase cubic type �-SiC
ppear. Some amount of hexagonal �-SiC was found character-
zed by additional peaks around 2θ = 38◦ and 65◦. An additional
iffraction peak (* marked) was detected at 2θ = 33.68◦, which
s characteristic for stacking faults on the [1 1 1] planes in cubic
iC.31 Diffraction peaks for crystalline SiO2 (crystobalite) are
ever observed, which indicates that nearly the whole amount

f silica has been consumed during the carbothermal reduction.
s the K values for obtained samples was larger than theoretical
nes but XRD do not confirm residue of SiO2 in the sample, it is
upposed that the rest SiO2 left the sample during carbothermal

; EW, early wood) (b), three times impregnated SiO2 gel/pine wood composite
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Fig. 11. SEM microgra

eduction and condensed on the crucible walls, where glass type
oating after several experiments was observed. The shape of
he peaks indicates that the obtained products are fine-crystalline
eramics.

.5. SEM analysis

SEM micrographs of pine wood, pine wood CB charcoal, the
iO2 gel/pine wood composite and the SiO2/CB composite are
hown in Fig. 10. The transverse section of pine wood is shown
n Fig. 10a. In pine wood tracheids with the mean diameter
0–40 �m and 5–10 �m cell wall thickness forms a tubular
tructure. The tracheids can have a round or rectangular shape.
ig. 10b shows a transverse section of pyrolyzed pine wood. As
an be seen, late wood is formed of round shape tracheids with
thinner cell wall than the early wood tracheids of rectangular

hape.
After the pine wood is impregnated with SiO2 sol, subsequent

elling and drying occur, and a SiO2 gel/wood composite is
ormed (see the radial section in Fig. 10c). It can be seen that
he gel fills almost all tracheids. The cracks in the gel may occur
uring the drying procedure of the gel or sample preparation.
fter pyrolysis, a SiO2/CB composite is formed (Fig. 10d). As

here were several impregnation procedures performed, all three

hells of impregnated SiO2 can be seen in some pores.

The mechanism of conversion of the SiO2/CB composite into
iC ceramics is widely described by Qian et al.26. In Fig. 11,
EM micrographs of porous SiC ceramics, obtained at 1600 ◦C

b

i
w

f porous SiC ceramics.

or 4 h, are shown. As can be seen, the obtained ceramic materials
etain the tubular pore structure of pine wood. The geometrical
ensity of the obtained samples was measured, to be equal to
.35 g/cm3. As the density of �-SiC is 3.21 g/cm3, the overall
orosity of the samples was calculated to be 89%.

It has been found from SEM micrographs that the pore
alls are formed of SiC crystals with the average size 100 nm

Fig. 11c).

. Conclusions

Optimized process, described in this paper demonstrates
he technology for manufacture porous SiC ceramics, using
ine wood and TEOS as raw materials. The optimized process
llows easily in short time procedures to introduce the necessary
mount of the SiO2 for full conversion of the carbon present in
ine wood into SiC.

Simplified Impregnation Efficiency (IE, %) calculation is
ntroduced as an impregnation indicator. IE up to 95% for non-
xtracted and 105% for extracted pine wood samples can be
chieved.

There is no significant difference in the SiO2 uptake between
he pressures applied.

It is concluded from FTIR spectra that no chemical reaction

etween SiO2 gel/wood and SiO2/CB in composites occurs.

The effect of SiO2 gel on the sample dimension changes dur-
ng pyrolysis does not lead to the formation of cracks in the cell
alls.
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